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Chapter 1
Literature Review2
Bacillus thuringiensis, an insecticidalbacterium
Bacillus thuringiensis (B.t.) isa gram positive soil
bacterium that has the ability to killlarvae of
lepidopteran insects.It was discovered in 1955 that the
larvicidal activity of this novel bacteriumwas due to an
intracellular crystal protein (Hannayand Fitz-James, 1955).
Many different strains of B.t. have beendiscovered and the
classification of 27 differentserovars, using flagellar
antigens, was recently described byde Barjac and Frachton
(1990).Reviews of the structure andcharacteristics of
B.t. organisms have been done byAronson et. al. (1986) and
Hofte and Whiteley (1989).The applications of B.t.as a
pesticide includes control of agriculturalpests such as the
gypsy moth (Burges, 1982).The bacteria was found to
provide long-term control ofmoths that infest storage
grains.This effect was probably due tospores and crystals
which are able to survive longperiods of time in dry
places.Other experimental applicationsof B.t. include the
formation of transgenic plants thatproduce the crystal
protein, which have been shownto protect the plants from
potential pests (Vaeck et. al.,1987; Fischoff et. al.,
1987; Barton et. al., 1987)
Goldberg and Margalit (1977) isolateda mosquito
larvicidal bacterium out of soiltaken from known mosquito
breeding grounds in Israel.Only one isolate out of 1,000
showed rapid larvicidal activity tomosquitos from four3
different genera.This newly isolated bacterium, named
Bacillus thuringiensis subspecies israelensis(B.t.i.) was
also found to be lethal to black-flylarvae (Undeen and
Nagel, 1978; Undeen and Berl, 1979).Since B.t.i. had the
ability to kill dipteran larvae, itwas recognized to be a
legitimate tool to help controlvector-borne diseases.4
Structure of the crystal inclusion body of B.t.i.
The characterization of B.t.i. showed that itcontained
a spore and a crystal inclusion like other strains of
Bacillus thuringiensis (Tyrell et. al.,1981).The crystal
inclusion was produced at thesame time as the spore
(Bechtel and Bulla, 1976), andwas shown to be composed of
several proteins (Tyrell et. al., 1981).The israelensis
subspecies contained proteins of 135 kDand 68 kD,but
unlike the other B.t. species it containeda major protein
of 28 kD.Lee et. al. (1985) isolated inclusion bodiesfrom
B.t.i. by gradient centrifugation.Morphologically, they
increased in size from small dots, tolarge dots, to small
refractile bodies, to large refractilebodies.These
various inclusion bodies differed in theirprotein content,
with the small dots and large dotsconsisting of mostly 38
kD and 65 kD protein, and the smalland large refractile
bodies containing 135, 65,38, and 28 kD proteins.The 28
and 65 kD proteins became the majorproteins the more time
expired after sporulation began, withconcomitant decrease
of the 38 kD protein in the inclusions.5
Larvicidal action and toxicity
caused by the delta endotoxin
The larvicidal action of B.t.i.was determined to be in
the crystal protein, therefore itwas called the delta
endotoxin (Tyrell et. al.,1979).Further analysis of the
individual proteins of the deltaendotoxin implied thata
230 and 130 kD protein were importantfor its larvicidal
activity (Visser et. al.,1986).Others determined the 65
kD protein to be the larvicidalcomponent of the delta
endotoxin (Lee et. al., 1985;Hurley et. al., 1985), while
still others suggested thatthe 28 kD protein worked
synergistically with the 65 kD proteinto cause the
larvicidal activity of B.t.i.(Wu and Chang, 1985; Chilcott
and Ellar, 1988).It was later shown that the28 kD protein
was not the primary larvicidal componentof the delta
endotoxin (Held et. al.,1986).
The larvicidal actionwas described as occurring due to
solubilization of the crystalprotein by the high pH ofthe
gut of target insects, allowingthe proteins to disrupt the
gut epithelial cells (Lilleyet. al., 1980).Through a
specific protein-receptorinteraction (Van Rie et. al.,
1990).It was further suggested thatthere may be a
population of receptors to thelarvicidal protein that
exist, which would explaindifferences in insecticidal
spectrum of B.t. crystal proteins.The specific larvicidal
action was suggested to bethe protein-receptor interaction6
followed by integration of the protein intothe lipid
bilayer of the target cells forminga pore after aggregation
in the membrane (Haider and Ellar,1989).The pores allowed
an influx of ions from the colloid-osmotic equilibrium,with
water following the ions, which caused thecells to swell
and lyse (Knowles and Ellar, 1987).
Exposure of in vitro cell lines to the delta endotoxin
caused rapid cell changes and celldeath, along with lysis
of erythrocytes (Thomas and Ellar,1983).Death was
observed when mice were injected intravenouslywith 15-30
mg of protein per gram of body weight of the entire
solubilized delta endotoxin.The 28 kD protein was
implicated as the protein containingthe cytolytic and
hemolytic activity (Armstrong et.al., 1985; Hurley et. al.,
1985; Held et. al., 1986; Chilcott andEllar, 1988).When
Armstrong et. al. (1985) tried toproduce monoclonal
antibody to the 28 kD protein, miceinjected
intraperitoneally with 100Ag of protein died after 6 hours.
The mechanism of the cell death bythe 28 kD protein
was also suggested to be integration of the proteininto the
cell lipid bilayer to form aggregatesof the proteins,
resulting in formation of membranepores (Ellar et. al.,
1985).The protein was able to target primarilyunsaturated
phospholipids of insect and mammaliancells, but not
bacterial lipids.This is in contrast to thesuggested
target of the lepidopteran toxic proteins,which targeted a7
glycoconjugate in the membrane andthen caused cytotoxicity
by pore formation.Haider and Ellar (1989) suggestedthe 28
kD protein also bound toa nonphospholipid receptor because
of slower pore formation and disruptionof liposomes when
compared to disruption of insectcells, which have the cell
receptors.Aggregation of toxin proteinsto form pores
would be promoted by bindingmore than one toxin molecule by
the receptors.
Aggregates of a proteolyzed productof the 28 kD toxin
were isolated from insect cells usingdetergent and a
sucrose density gradient (Chow et. al.,1989).The
concentration of aggregates isolatedincreased with the
amount of toxin attached to thecells, and there was a
threshold amount of toxinnecessary to form the 400 kD
aggregates.The hemolysis caused by the25 kD protein could
be inhibited by the cysteinemodifier HgC12 indicatingthat
the protein containsa cysteine residue in an essential
binding portion of the molecule.Monoclonal antibody to
this same portion of themolecule also blocked the hemolytic
activity.8
Molecular biology of the delta endotoxin proteins
The 28 kD protein of B.t.i.was found to be coded in
plasmid DNA as shown by inserting the plasmidinto E. coli
and immunoprecipitating the protein usingpolyclonal serum
to the protein (Ellar et. al., 1985).The nucleotide
sequence of the DNA fragment coding the 28 kD proteinwas
determined (Waalwijk et. al., 1985).This allowed the open
reading frame encoding the protein tobe determined, and
within it there was a coding capacityfor a 249 amino acid
polypeptide.The amino acid sequence of the proteinwas
deduced from the nucleotidesequence, and it had the almost
identical sequence as that determinedby tryptic peptide
analysis (Armstrong et. al., 1985).The protein was shown
to contain mostly hydrophobic amino acids,as determined by
a hydropathicity plot (Ward and Ellar, 1986).It was also
shown that the transcripts of the28 kD protein were
produced during the early stages ofsporulation (Waalwijk
et. al., 1985).After the stop codon in thesequence there
exists two more stop codons and regionsof symmetrical
sequences that allow formation of two hairpins inthe
transcript.
With the nucleotidesequence in hand it was shown that
site specific mutagenesis of the28 kD protein changed the
larvicidal, in vitro, and in vivoactivity (Ward et. al.,
1988).When the G1u45 residuewas changed to A1a45 the
hemolytic activity was reduced eightfold,but not the9
larvicidal activity.This change in the charge at this
position apparently changes theconformation of the protein
not allowing the phospholipid-proteininteraction.It was
suggested that the larvicidal actionis maintained because
cleavage by gut proteases wouldresult in the original toxic
conformation of the protein.One mutant that contained the
change of Lys124 to A1a124 showeda threefold increase in in
vitro activity, buta threefold decrease in in vivo
activity.The possible explanation ofthese results is that
the crystal protein of thismutant does not assemble large
crystal inclusion bodies, thereforethe mosquitos probably
were not ingesting the small proteinsas well as they were
ingesting large proteins.This amino acid changemay also
expose sites on the protein that wouldallow the proteases
of the insect gut to cleavethe protein to an inactiveform.
The results allowed Ward et.al. (1988) to proposea model
of the 27 kD protein.
The nucleotidesequence of the 130 kD protein of B.t.i.
has also been determined(Chungjatupornchai et. al., 1988).
The amino acid sequencededuced from the DNAsequence showed
greater than 50% homology witha 130 kD protein gene
sequence of a lepidopteran specific subspecies(B.t.
berliner), with most of thehomology occurring in theC-
terminal portion of the protein.The 130 kD protein of
B.t.i. also reacted with anti-B.t.berliner sera.The
similar sequence homologywas not seen with the 28 kD and 6510
kD proteins of B.t.i.The hydropathicity plot showed two
strong hydrophobic regions in the N-terminalend of the
protein, which were alsoseen with the B.t. berliner
protein.
The gene encoding the 58 kD proteinwas cloned and
expressed in mutants of B.t.i. that didnot have the plasmid
encoding the delta endotoxin (Gardunoet. al., 1988).The
mutant strain did produce the 58 kD protein,which was shown
to be structurally related to the135 kD.The sequence of
the 58 kD protein gene did not haveany similarities with
the 28 kD protein gene (Thorne et.al., 1986).
An interesting 20 kD proteinwas shown to be important
in the production of the28 kD protein (Adams et. al.,
1989).The gene of the 20 kD proteinwas sequenced and
demonstrated to act in a post-transcriptionalmanner to
enhance the production of the 28 kDprotein.It was shown
that this gene lies upstream tothe gene encoding the 28 kD
protein about four kilobases and isadjacent to the gene
encoding the 68 kD protein.When a transposon was inserted
into the 20 kD proteingene the expression of the 28 kD
protein was reduced withouta reduction in its mRNA
indicating the post-transcriptionalaction.The exact
mechanism of action of the 20 kD proteinhas not yet been
elucidated.It is interesting to note thatthe appearance
of this protein was notseen by electrophoresis unless high
concentrations of proteinswere separated.The small11
amounts of the 20 kD proteinwere observed early in the
sporulation process as the 28 kD proteinwas beginning to be
produced.12
Nontarget toxicity of B.t.i.
Since B.t.i. has the ability tocause toxicity to cells
of organisms not targeted by applicationsof the pesticide,
a few studies have been conductedon different organisms to
determine the effects ofexposure.It was first shown that
exposure of mice to the crystal delta endotoxinkilled mice
when they were challenged intravenously(Thomas and Ellar,
1983).Mice, rats, and rabbitswere challenged with the
B.t.i. insecticide formulationthrough several routes and
only intraperitoneal injection with 107CFU/athymic mouse
and intracerebral injection with 107CFU/rat caused
mortality (Siegel et. al., 1987).No mortality was seen in
the rabbits.When mice and rats were challengedwith an
intraperitoneal (2.5 mg/kg) inoculationof the 28 kD protein
there was no cytolysis of red andwhite blood cells, which
would be expected from the in vitroassay results (Mayes et.
al., 1989).Pathogenic effectswere observed in the jejunum
and liver of the rats and mice.The histopathological
observations revealed epithelialnecrosis and sloughing of
cells of the villi of the intestine,and centrilobular
congestion of the liver.
Clearance of B.t.i. from mice andrabbits exposed by
intraperitoneal and topical ocularapplication was studied
by Siegel and Shadduck (1990).They found that the
organisms appliedwere cleared from the eyes of the rabbits
after one week when exposed to5.43 x 106 CFU.The bacteria13
were consistently recovered from the spleens of mice exposed
to B.t.i. for up to 80 days.This result suggested that the
bacteria was multiplying in the mice, andthat the ability
to multiply was dependent on thespore to vegetative cell
ratio that was in the exposure material.It was
hypothesized that spores aremore likely to be cleared
because of three phases that mustoccur for multiplication:
spore phase, germination phase, and developed vegetative
phase.This would allow phagocytosis tooccur more readily
than with the single vegetative cycle.Even though it was
suggested the organisms multiplied in the mice,there was no
visible toxicity caused by the B.t.i.
Another study testing the exposure toa vertebrate was
the challenge of minnows with B.t.i.(Snarski, 1990).No
adverse effects were observed after placinglow
concentrations of commercial preparationsof B.t.i.
pesticide into the water containing fish,even though spores
were detected in the animals.There was mortality observed
when a high concentrationwas introduced into the water, but
this was attributed toa severe dissolved oxygen depletion.
An invertebrate toxicity studywas done on the eggs of
Trichostrongylus colubriformis,a ruminant nematode (Wharton
and Bone, 1989).They showed that exposure to B.t.i.
crystal endotoxin disrupted the egg-shellat the lipid layer
and caused autolysis of the embryo.14
Aerosol exposure to birds
Stearns et. al. (1987) investigatedthe deposition of
iron oxide dust particles inthe lungs of mallard ducks.
They recognized that depositionof particles would probably
differ from mammalian lung depositionpatterns because of a
different anatomy.Inflation and deflation doesnot occur
in the lungs of birds; air ispumped through parallel
bronchi into atria, then enterssmaller passages called
infundibula which radiate intothe gas exchange tissue.
They found that when the birdswere exposed to the dust with
a mean diameter of 0.18 gm therewas deposition within the
epithelial cells of the atriaand the infundibula, and
within a thick surfactant thatcoats the epithelial cells
called the trilaminar substance.No free macrophageswere
observed within the atria tophagocytize the particles
caught in the trilaminarsubstance.Instead the particles
phagocytized by the epithelialcells were probably
transported across to the interstitialmacrophages and
cleared.
Aerosol exposure of bobwhitequail chicks with
polystyrene microspheres rangingfrom 0.2 to 20.0 gm showed
that particles greater than2 gm in diameter were rarely
found in the air sacsor lungs of the birds (Driver et. al.,
1990).Most of the deposition of thelarger particles
occurred in the nasalarea and trachea of the birds.The
location that particlesare deposited will determine if15
antigen presenting cells (macrophages) willphagocytize the
foreign particles.
Since B.t.i. has the potential tocause toxicity in
non-target species the amount of contaminationthat occurs
in the environment should be monitored.Mallard ducks may
be exposed to B.t.i. because theyare a species that is
often found in areas that mosquito larvae wouldmature.For
this reason mallard ducks could be usedas a sentinel
species to provide indication of non-targetspecies exposure
by the bacterial pesticide B.t.i.16
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Chapter 2
Growth Curve and Sporulation Determinationof B.t.i.22
Summary
A growth curve of B.t.i. was determined inthe GGYS
medium.The bacteria reached exponential growthfour hours
after the inoculation when incubated at28°C.Sporulation
was first observed eight hours after the inoculationwhen
the bacteria were beginning lag phaseof growth.
Establishing when spores were presentduring the growth of
B.t.i. indicated the optimal timeto harvest the delta
endotoxin from the bacteria.23
Introduction
Bacillus thuringiensis produces aspore and a
proteinaceous crystal delta endotoxin during its growth
cycle (Bechtel and Bulla, 1976).Both the spore and the
parasporal crystal were produced afterseven hours of
growth.The mature spore and proteinaceous crystal inan
unlysed sporangium were observed 12 hours after the growth
began.
The purpose of the present study was to determinethe
growth characteristics of B.t.i. so that the mature crystal
inclusion could be harvested for maximum yield.24
Materials and methods
A growth curve was established for B.t.i. by
inoculating a 100 ml starter culture of GGYS witha loopful
of a colony from a culture grownon a TGY agar plate (Haynes
et. al., 1955).The GGYS medium was the same as the basal
medium used by Nickerson and Bulla (1974)except that it
contained yeast extract (0.2%) and glutamic acid(1%)The
TGY medium was inoculated with B.t.i. (VectobacTechnical
Material; Abbott Laboratories, lotno. 27-801-CD).The
starter culture was inoculated into 500 mlof GGYS media at
6% (v/v), then incubated at 28°C andshaken at 100 rpm.At
one or two hour intervals 10 ml samples of the culturewere
taken for pH, for absorbance readings at280 nm, and for
colony forming units (CFU) determinations.Counts for CFU
were done by the standard dilution and plating method.The
samples were also Gram-stained to determinethe bacterial
sporulation.25
Results and discussion
The growth curve shown by the B.t.i. indicated that
logarithmic growth of the bacteria started about four hours
after the medium was inoculated (Fig. 1).This continued
through eight hours after the inoculation where the number
of bacteria became more constant.At this lag phase of
growth spores began to appear (Table 1).The pH increased
in the first two hours and then consistently decreased until
it reached 4.6-4.7 during lag phase of growth.
The results are similar to the results shown by Tyrell
et. al. (1981), where sporulation was complete after 10
hours, although the pH of the growth medium differed.The
Tyrell group saw the pH of the culture medium decrease from
7.0 to 6.6, then increase to 8.0.The results of this study
showed an increase from pH 6.3 to 6.6, thena consistent
decrease to 4.7.This discrepancy in the pH changes could
be attributed to a difference in the growth media.The
medium used for this experiment contained glutamic acidand
yeast extract.26
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Fig. 1Growth curve of B.t.i.in GGYS.The open circles are log, CFUof samples takenfrom the culture medium.The closed circlesare absorbance readings at280 nm of samplestaken from the culture medium.27
Table 1Crystal inclusion formationand
pH readings of samples fromthe B.t.i.
growth curve culture medium.
time pH crystals
0 6.3
1
2 6.6 +
3
6.4
5 5.9
6 5.5
7 5.1
8 4.7 +
9 4.6
10 4.6 ++
11 4.7
12 4.7 ++28
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Chapter 3
Purification of the Delta EndotoxinProteins of B.t.i.30
Summary
The proteins of the delta endotoxinof Bacillus
thuringiensis subsp. israelensiswere purified by gel
filtration and anion exchangechromatography.Two different
preparations of alkali solubilizeddelta endotoxin were
used; one of the preparationswas treated with proteases,
while the otherwas left untreated.The protease treated
sample separated into four peaks(PS-1, PS-2, PS-3, and PS-
4) when passed througha gel filtration column with Sephadex
G-150.The fourth peak (PS-4) fromthis separationwas
further separated into threepeaks (PD-1, PD-2, and PD-3)
when passed throughan anion exchange column.The
nonprotease treated sample separatedinto two peaks (NS-1
and NS-2) when chromatographedby gel filtration.The first
peak separated into twomore peaks (ND-1 and ND-2) whenrun
through the anion exchange column.
The separated peakswere analyzed by SDS-PAGE, Western
blot, and immunoelectrophoresis.The PS-4 sample showed
proteins of 23 and 22 kDon the Western blot usinga
monoclonal antibody to the 28kD protein.The PD-2 and PD-3
peaks also reacted with themonoclonal antibody showing23
and 22 kD bands, respectively.The protease separated peaks
did not react witha monoclonal antibody specificfor the 65
kD protein.The fractions from theuntreated solubilized
delta endotoxin showed multipleproteins on the SDS-PAGE
analysis.The NS-1 and ND-2 fractionsreacted with both the31
28 kD and 65 kD protein monoclonalantibodies.The PD-2 and
PD-3 fractions showed single bandsthat migrated toward the
cathode in the immunoelectrophoresisresults.The ND-2
fraction also showeda band that migrated toward thecathode
but was longer in length.The separated proteins couldbe
used as antigen for ELISAs totest animal sera for
antibodies to the crude pesticide.32
Introduction
Bacillus thuringiensis subsp.israelensis has toxicity
against mosquito and blackflylarvae (Goldberg and Margalit,
1976; Undeen and Nagel, 1978).Previous studies
demonstrated that proteins of thedelta endotoxin are
responsible for the toxicity(Hurley et. al., 1985; Held et.
al., 1986)The delta endotoxin has beenseparated from the
other cellular material using gradientcentrifugation
(Sharpe et. al., 1975; Ang and Nickerson,1978).It was
later shown that specific proteinsof the delta endotoxin
could be isolated using columnchromatography (Armstrong et.
al., 1985; Hurley et. al.,1985; Held et. al., 1986).In
this study, proteins of thedelta endotoxin were solubilized
by alkali conditions andwere either treated with proteases
or were non-treated.The two differently treated
solubilized delta endotoxinswere then fractionated using
gel filtration and anionexchange chromatography.The
various fractionswere characterized by SDS-PAGE,Western
blot, and immunoelectrophoresis.33
Materials and methods
Alkali Bolubilization and Proteolysisof B.t.i. Delta
Endotoxin.The alkali solubilization andproteolysis of the
B.t.i. was similar to the methodused by Armstrong, et. al.
(1985), with some modifications.Sixty grams of B.t.i.was
suspended in 1200 ml of distilledwater and centrifuged for
20 minutes at 15,000 xg at 4°C.The pellets were
resuspended in 500 ml of distilledwater then sonicated for
5 minutes in 30 to 40 ml aliquotsusing a Biosonik sonicator
(Bronwill).The sonicated materialwas pooled and the pH
was raised to 12 using 1 N NaOH followedby incubation for 3
hours at 37°C.After its pH was lowered to7.5 with 1 N
HC1, the material was centrifugedat 15,000 x g for 15
minutes at 4°C and thesupernatant saved.Trypsin
(Millipore) was added to thealkali-treated supernatant ata
concentration of 15 µg /m1followed by incubation for 2hours
at 37°C.Proteinase K (Sigma)was added at 15 µg /ml and the
mixture was further incubatedat 37°C for 2 hours.Phenyl
methyl sulfonyl fluoride(PMSF; Sigma) was added to the
solution to a final concentrationof 0.1 mM.Saturated
ammonium sulfate was added to15% saturation with mixingat
4°C for 30 minutes followedby centrifugation at 12,000x g
for 15 minutes.The supernatant was broughtup to 35%
saturation of ammoniumsulfate and incubated at 4°Cfor 30
minutes, followed by centrifugationfor 15 minutes at 12,000
x g.The pellet was dissolved in60 ml 5mM NaH,PO4 (pH 7.5)34
and is referred to as soluble endotoxinor proteolyzed crude
extract (PCE).
Alkali Solubilization Without Proteolysis.The B.t.i.
Vectobac Technical Material (20 g)was suspended in 400 ml
of sterile distilled water and incubatedat 28°C for 4 days
to cause autolysis of the bacteria (Mahillonand Delcour,
1984).The incubated cell materialwas centrifuged for 20
minutes at 16,000 x g.The pellet was resuspended in 160 ml
of distilled water and sonicated,followed by raising the pH
to 12 with 1 N NaOH.The material was incubated for 3hours
at 37°C.The pH was brought down to 7.5 with1 N HC1 and
then centrifuged at 15,000x g for 20 minutes.The pellet,
supernatant, and a soft pelletwere analyzed for protein
concentration and molecular weightas described below.
Column Chromatography.Column chromatography using
Sephadex G-150 and DEAE Bio-Gel Awas performed to separate
the alkali solubilized-proteolyzedand nonproteolyzed
proteins.Sephadex G-150 (Pharmacia)was equilibrated in 50
mM NH4HCO, and packed ina 78 x 2.75 cm column.The flow
rate of the 50 mM ammoniumcarbonate buffer (pH 8.5)was set
at 10 ml/hour.A 0.33 ml sample of the alkali-proteolyzed
B.t.i. material was diluted1:3 in the ammonium carbonate
buffer and applied to the column.The fractions were
collected in 2.3 ml volumes.The fractions that were eluted35
from the column were monitored by UVabsorption at a
wavelength of 280 nm.Four different samples of the cell
material were run through thecolumn.Fractions of peaks
were pooled and concentrated by lyophilizationfollowed by
analysis described below.
The alkali-solubilized, non-proteolyzedcell material
(NCE) in 1.0 ml was chromatographedthrough the Sephadex G-
150 column.Each fraction from fourruns was measured for
the absorption at 280 nm, followedby each peak being pooled
and lyophilized.
A 28 x 1.0 cm column of DEAE Bio-GelA (Bio-Rad) was
equilibrated with 50mM ammoniumcarbonate buffer, and
approximately 30 mg of pooled-lyophilizedfractions off the
Sephadex G-150 column wererun through the column.The
pooled peaks from the SephadexG-150 chromatography were
dialyzed in 50mM NH,HCO, overnight.The column was washed
with 50mM ammonium carbonatebefore a linear gradient (total
volume=400 ml) from 50-200 mM NH,HCO,(pH 8.5) applied.The
ionic strength of the eluatewas monitored using a
conductivity bridge (Beckman,model RC 16B2).The fraction
absorption at 280 nmwas measured, and fractions of protein
peaks were pooled, lyophilized,then analyzed as described
below.
Protein Assay.The protein concentration forsolutions
was determined following the Lowry methodusing crystallized36
bovine serum albumin (Sigma)for the standard (Lowry et.
al.,1951).
Monoclonal Antibody Production.Hybridomas that
produced monoclonal antibody tothe 28 kD protein of B.t.i.
(monoclonal antibody B.t.i. clone102) were obtained from
Dr. Armstrong, USEPA, Corvallis,OR, and recovered using
Dulbecco's modification of Eaglesmedium with glutamine and
25 mM HEPES buffer containing0.25 Al/m1 of gentamicine, 20%
fetal bovine serum, and 30µg /ml endothelial cell growth
supplement.Mice (Balb/c) were primed with0.5 ml of
pristane 10 days prior toinoculation with hybridomas.
Hybridomas were injected (6.5x 105 cells/mouse) and mouse
ascitic fluid was harvested10 days later.
Dr. Kawanishi, USEPA, ResearchTriangle Park, NC,
graciously donated B.t.i.monoclonal antibody 135-5.
SDS-PAGE.Separating mini gels composedof 12%
polyacrylamide (Bio-Rad)were made with 4% stacking gelson
top of the separating gels.Samples were diluted in the
sample buffer (40% glycerol,0.25M Tris, 8% SDS, 10% /3-
mercaptoethanol, and 0.002%bromophenol blue) and boiledfor
5 minutes.Samples, usually 15 were placed in the wells
of the stacking gel andelectrophoresed for 45 minutesat
185 volts.37
Western Blot.SDS-PAGE gels were equilibrated ina
transfer buffer (20% methanol, 1.44%glycine, and 0.3% tris
base, pH 8.3) for 30 minutes andthen transblotted onto
nitrocellulose overnight at 50 voltsand 4°C.The
electrophoresed nitrocellulosewas then equilibrated in
tris-buffered saline (TBS) for ten minutesand then
incubated in the blocking solution(3% BSA in TBS) forone
hour at room temperature.Membranes were washed twice using
Tween 20-TBS (TTBS) for two minutesfor each wash followed
by two-minute washes with TBStwo times.The primary
antibody (1:500 dilution of ascitesin TTBS) was applied to
the nitrocellulose and incubatedfor 3 hours at room
temperature.The nitrocellulose was then washedwith TTBS
and TBS three times with eachsolution.The secondary
antibody (1:1000 dilution ofhorse radish peroxidase labeled
goat-anti-mouse antibody inTTBS; BioRad) was incubatedon
the membranes forone hour at room temperature followedby
another wash.The blots were developed by placing0.05%
horseradish peroxidase colordeveloping reagent (4-chloro-l-
napthol; BioRad), 17% methanol,and 0.05% H202 in TBSon the
nitrocellulose until all the bandswere developed.
Polyclonal Antibody Production.Rabbits were
inoculated subcutaneously with2.5 ml of a 2 mg/ml
preparation of B.t.i. VectobacTechnical Material in 50mM
NaHCO3-Na2CO3 buffer at pH 9.5 withFreund's complete38
adjuvant.They were boosted subcutaneouslyafter four weeks
with the same concentration ofB.t.i. using Freund's
incomplete adjuvant, thenwere bled after 3 weeks.
Immunoelectrophoresis.Agarose (1% ME agarose; SeaKem)
was made in barbital-lactate buffer(0.088% sodium barbital,
0.004% calcium lactate, 0.014%barbital, and 0.031%
chloroform) and poured onto microscopeslides.Wells were
cut into the agarose and samplesof column purified proteins
were loaded into the wells.The slides were electrophoresed
for two hours at 5.5 volts/cm.After the electrophoresisa
long trough in the center ofthe slide was cut and loaded
with polyclonal antibody againstcrude B.t.i. toxin, and
allowed to diffuse for 24 hours.39
Results
Column Chromatography ofAlkali-Solubilized-Proteolyzed
B.t.i. Proteins.Column chromatography was used topurify
proteins of the delta endotoxinof B.t.i.The soluble
endotoxin was chromatographedwith a Sephadex G-150 column.
Four protein peaks were obtained (Fig.2).There were two
major peaks, PS-1 and PS-4,and two minor peaks, PS-2 and
PS-3.Only the last peak (PS-4)was shown to contain a
protein that reacted with theB.t.i. clone 102 monoclonal
antibody.This fraction also showed toxicactivity (see
below).The pooled PS-4 fractionwas subjected to a DEAE
Bio-Gel A column.Three major peaks, PD-1, PD-2,and PD-3
were obtained (Fig. 3).
Column Chromatography of AlkaliSolubilized-
Nonproteolyzed B.t.i. ._.. Proteins.Column chromatography ofa
nonproteolyzed sample of B.t.i.was also used to purify
proteins of the soluble endotoxin.The technical material
of B.t.i. was solubilizedunder alkaline conditions and
analyzed by Western blot to verifythe isolation of the 28
kD protein from the crystalendotoxin.A soft upper portion
of the pellet, after alkalisolubilization and
centrifugation, contained the28 kD protein.The soft
pellet material (NCE)gave two peaks, NS-1 and NS-2, after
passing through the SephadexG-150 column (Fig. 4).Column
chromatography with DEAE Bio-GelA of NS-1, which contained40
proteins that reacted with the B.t.i. clone 102 antibodies
(see below), gave two fractions (Fig. 5).The first
fraction (ND-1) did not absorb to the column, while the
second fraction (ND-2) was eluted with the linear gradient.
SDS-PAGE Analysis of Column Separated Proteins.The
proteolyzed crude extract material showed multiple bands
between 50 and 70 kD, along with multiple bands between 28
and 40 kD (Fig. 6, lane b).There was also a diffuse band
observed at 23 kD.The PS-1 fraction showed similar bands
to the crude extract, while PS-2 showed the 50-70 kD bands
along with densely stained bands at 23, 28, and 34 kD (lanes
c and d).The fraction labelled PS-3 had multiple proteins
from 30 to 60 kD (lane e).The three peaks from the DEAE
Bio-Gel A separation of PS-4 fraction showed proteinsat 66
down to 50 kD for PD-1, a light band at 23 kD for PD-2, and
a light band at 22 kD for PD-3 (lanes f-h).
The nonproteolyzed material showed protein bands at66,
50, 36, and a strong band at 28 kD for the soft pellet
material (Fig. 7, lane 2).NS-1 showed protein bands
similar to the soft pellet material (lane 3).Only light
bands around 66 kD were seen for NS-2 (lane 4).The ND-1
peak showed proteins from 30 to 34 kD, along with bandsat
22, 46, and 56-66 kD (lane 5).Fraction ND-2 showed single
bands at 28 kD and 66 kD (lane 6).41
Western Blot Analysis of Column SeparatedProteins.
Monoclonal antibody clone 102 reacted withmultiple proteins
in the various fractions ofproteolyzed soluble B.t.i. (Fig.
8).Fractions PS-1 through 3 did notreact with the
antibody (lanes 3 through 5).The fraction PS-4 showed
several bands smaller than 23 kD (lane2), as did the crude
proteolyzed soluble delta endotoxin(lane 6).The peaks
from the DEAE Bio-Gel A column alsoshowed distinct bandson
the Western blot; PD-2 hada band at 23 kD, and PD-3 showed
one band at 22 kD (lanes 8 and 9).
None of the proteolyzed B.t.i. proteins,including the
solubilized delta endotoxin, showedany band formation when
monoclonal antibody against the68 kD protein, B.t.i. 135-5,
was used for the Western blot.
The NS-1 fraction showed strongreactivity at 48 and 28
kD using B.t.i. 102, while theNS-2 peak showed no bands
(Fig. 9, lanes 3 and 4 respectively).The soft pellet
material also showed distinctbands at 28 and 48 kD (lane
2).This band formationwas also exhibited by ND-2 (lane 6)
and the crude pesticide used toexpose the ducks (lane 7).
The pesticide also exhibiteda band at 44 kD.
Western blot of the nonproteolyzedproteins using
B.t.i. monoclonal antibody135-5 showed bands for the soft
pellet around 68 kD, two bandsprobably around 56 kD, and
one band around 34 kD (Fig. 10, lane a).The NS-1 material
only exhibited a single bandat 68 kD, while the ND-242
material showed bands at both68 kD and 34 kD (lanes b ande
respectively).The NS-2 and ND-1 samples did notshow any
bands (lanes c and d).The crude pesticide (Vectobac12-AS)
showed multiple bands (lane g).
Immunoelectrophoresis of AlkaliSolubilized-Proteolyzed
B.t.i. Separated Proteins.Immunoelectrophoresis was used
to help verify proteins thatwere observed by SDS-PAGE and
Western blot.Immunoelectrophoresis of the columnseparated
B.t.i. proteins showed severalbands with the rabbit
antiserum against crude B.t.i. (Fig.11).Several of these
proteins migrated toward thecathode, while three bands
migrated toward the anode.The PS-1 material exhibitedone
long band that migrated towardthe anode and one short band
that migrated toward thecathode.The PS-2 material showed
only a short band that precipitatedaround the sample well.
PS-3 sample precipitateda long diffuse band toward the
cathode, while PS-4 hada band that migrated very far toward
the anode and had one faintband that migrated midway from
the sample well.PD-1 had a strong band thatprecipitated
similar to the latter band describedfor PS-4, while PD-2
and PD-3 had precipitated bandsthat migrated far toward the
anode.43
Immunoelectrophoresis of Alkali Solubilized-
Nonproteolyzed B.t.i. Column Separated Proteins.The
precipitation of proteins thatwere separated on the
Sephadex G-150 column showed a long band that migrated
toward the anode and a short band that migratedtoward the
cathode for NS-1 (Fig. 12).The NS-1 band formationswere
very similar to the bands that formed for the soft pellet
material.NS-2 did not show a significant band that
precipitated.The DEAE Bio-Gel A column separated proteins
of the NS-1 material showeda similar banding pattern for
ND-2.ND-1 did not show significant precipitatedbands.44
Discussion
The use of the cross-linked dextran (SephadexG-150)
provided four fractionated peaks from the alkalisolubilized
delta endotoxin of B.t.i.Armstrong et. al. (1985)
separated three peaks using the polyacrylamide-basedBio-Gel
P-60.In our experience, Sephadex G-150gave more
reproducible results with simpler handlingthan Bio-Gel P-
60.
Anion chromatography separated thePS-4 fraction from
the Sephadex G-150 column into three peaks(Fig. 3).The
biological activity was detected in thePD-2 and PD-3
fraction, both of which reacted withmonoclonal antibody
against the 28 kD protein (Fig. 8).The band formations
were around 22 kD and 23 kD and may be breakdownproducts of
the 28 kD protein.Proteins of these sizeswere also
observed by Pfannenstiel et. al. (1986).
In an attempt to isolate the intact 28kD protein,
nonproteolyzed crude materialwas examined by
chromatography.The thick cell wall layer of the bacteria
was autolysed by incubation in sterile distilledwater for
four days at 37°C (Mahillon and Delcour,1984).A soft
pellet after alkali solubilization andcentrifugation was
found to contain the intact 28 kD protein.This material
was run through the Sephadex G-150 column givingonly two
peaks; only the first one (NS-1) stillmaintained the 28 kD
protein (Figs. 7 and 9).Nishiura (1988) isolateda 27 kD45
protein from a non-proteolyzed sample andreported its
spontaneous breakdown to a 25 kD protein byendogenous
proteases.
The anion chromatography of NS-1 elutedtwo more peaks
with the fraction ND-2 containing the28 kD protein.The
B.t.i. clone 102 showed the 28 kD proteinon a Western blot,
along with a 48 kD protein (Fig. 9).This latter band may
have been a dimer of the 28 kD proteinor the 28 kD protein
attached to other portions of the crystalendotoxin.
The separation of the nonproteolyzedsoluble material
into only two peaks with gel filtration(Fig. 4) indicates
that the 28 kD protein was probablyremaining intact with
the other proteins, suchas the 130 and 65 kD proteins, that
form the crystalline endotoxin.This was verified by the
SDS-PAGE total protein stain which showedmultiple bands
greater than the 28 kD protein (Fig.7, lane 3), and in the
long bands observed in immunoelectrophoresis(Fig. 12, well
3).This is in contrast to theproteolyzed samples where
the trypsin and proteinase K cleavedthe 28 kD protein from
the crystal endotoxin allowing elutionof the components of
this protein in the last peakoff of the Sephadex G-150
column (PS-4, Fig. 2).
In conclusion, employment of SephadexG-150 made the
separation of the delta endotoxinproteins easier because of
simplified handling and the rigiditythe material
maintained.The use of proteases to cleave thedelta46
endotoxin was necessary to isolate individual proteins of
the delta endotoxin.But when the solubilized delta
endotoxin was treated with proteases the intact 28 kD
protein was not isolated.47
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standard; lane b, 33.8 pg of PCE;lane c, 5 Ag of PS-1; lane d, 5
pg of PS-2, lane e, 5 pgof PS-3; lane f, 5 pg of PD-1; lane g, 5
pg of PD-2; and lane h, 5 pgof PD-3.18
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Fig. 8Western blot of proteolyzed column purified B.t.i. proteins
using monoclonal antibody B.t.i. clone 102.The proteins were as
follows:lane 1, 8 Al of molecular weight standard; lane 2, 22.5
Ag of PCE; lane 3, 5 Ag of PS-1; lane 4, 5 gg of PS-2; lane 5, 5
Ag of PS-3; lane 6, 5µg of PS-4; lane 7, 5 Ag of PD-1; lane 8, 5
Ag of PD-2; and lane 9, 5µg of PD-3. (1166
45
36
29
24
1 2 3 4 5 6 7
20,
14
Fig. 9Western blot of nonproteolyzed column purifiedproteins of
B.t.i. using monoclonal antibody B.t.i. clone 102.The samples
were as follows:lane 1, 10 Al of molecular weight standard; lane
2, 34 pg of NCE; lane 3,5 pg of NS-1; lane 4, 5 pg of NS-2; lane
5, 2.3 pg of ND-1; lane 6, 1.4 pg of ND-2; and lane 7, Vectobac 12-
AS.The arrows indicate the 28 kD protein.MW a b c d e f
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Fig.10Western blot of nonproteolyzed B.t.i. columnpurified
proteins using monoclonal antibody B.t.i. 135-5.The proteins were
as follows:lane a, 34 Ag of NCE; lane b,5 Ag of NS-1; lane c,
5 Ag of NS-2; lane d, 2.3 Ag of ND -l; lane e,1.4 Ag of ND-2; and
lane f, Vectobac 12-AS.Protein standards are in lane MW.56
Fig.11 Immunoelectrophoresisofproteolyzed
column fractionated delta endotoxin proteins of
B.t.i.The wells were loaded with the following
samples:PCE in well 1; PS-1 in well 2; PS-2 in
well 3; PS-3 in well 4; PS-4 in well 5; PD-1 in
well 6; PD-2 in well 7; and PD-3 in well 8.57
Fig.12Immunoelectrophoresis of nonproteolyzed
column fractionated delta endotoxin proteins of
B.t.i.The samples were loaded in the following
manner:NCE in well 1; NS-1 in well 2; NS-2 in
well 3; ND-1 in well 4; and ND-2 in well 5.58
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Chapter 4
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Summary
Two groups of mallard duckswere exposed to two
different concentrations ofa commercial preparation of
B.t.i. every 14 daysfor 84 days while being bledevery 28
days.The sera of the duckswere tested on an ELISA using
the PD-1 antigen.Both groups showedan increase in
antibody titres to the antigenwith each successive
exposure.
The column-chromatographeddelta endotoxin proteins
were also tested for their abilityto cause hemolysis to
duck erythrocytes and cytolysisto Aedes aegypti cells
(mosquito cells).The PS-4, PD-2, and PD-3protein
fractions had the highestbiological activity andcaused
hemolysis and cytotoxicityat concentrations of7-8 gg of
protein/ml. The NS-1 fractionneeded a concentration of
approximately 200Ag of protein/ml to cause hemolysis,while
the ND-2 fraction causedcytotoxicity at 24Ag of
protein/ml.62
Introduction
Bacillus thuringiensissubsp. israelensis isa gram
positive bacterium thatproduces a proteinaceous delta
endotoxin when it sporulates(Tyrell et. al., 1981).The
delta endotoxin kills mosquitoand blackfly larva when it is
ingested (Goldberg and Margalit,1977; de Barjac and Coz,
1979; Undeen and Nagel, 1978).The delta endotoxinwas also
shown to be cytotoxic tomouse fibroblasts, primary pig
lymphocytes, and mouse epithelialcarcinoma cell types under
alkaline conditions (Thomasand Ellar, 1983a).The delta
endotoxin could be separatedinto protein speciesthat
exhibit toxic effectsupon different targets.For instance,
a 130 kD protein from the crystalendotoxin has been shown
to kill mosquito larvae bybinding receptors in thebrush
border of the intestinal gut(Van Rie et. al., 1989).A 65
kD protein kills mosquitoand blackfly larvae (Hurleyet.
al., 1985; Lee et. al. 1985),while a 28 kD protein in
alkaline conditionscauses lysis of sheep and human
erythrocytes (Held et. al.,1986; Armstrong et. al.,1985).
A synergistic effectwas indicated between the 28 and65 kD
proteins in targeting mosquitoand blackfly larva (Wu and
Chang, 1985).The 28 kD protein killed invitro cell lines,
while the 130 kD and65 kD proteins showedmore specific
toxicity to insect cell lines(Chilcott and Ellar, 1988).
These observations suggestthat the delta endotoxin is
potentially toxic to non-targetspecies.63
Many species of B. thuringiensishave been used to
control insects in agriculturalproductions.In comparison
with other chemical insecticides,the biological pesticide
is considered safe and compatiblewith the environment
(Miller et. al., 1983).The endotoxin, live B.t.,or
combination of both have beenroutinely used for the past
decade; in many instances, commerciallyproduced toxins have
been sprayed over largeareas by the use of airplanes and
other mechanical devices.Such routine use of massive
application is undoubtedly causingthe exposure of non-
target animal species in theenvironment.Data is lacking
to assess the amount of non-targetspecies exposure in the
wild.
In the present studyan ELISA was developed to
quantitatively detect antibodiesin mallard ducks exposedto
B.t.i. antigen in the commerciallyavailable pesticide
Vectobac 12-AS.We hypothesized that thelevel of the
antibody correlates withthe amount of exposure tothe
pesticide.Column-chromatographed proteinsof the delta
endotoxin of B.t.i.were tested for use as the antigen in
the ELISA.The potential toxicity to avianspecies from
B.t.i. endotoxin proteinswas tested by performing a
hemolytic assay on erythrocytesof mallard ducks using the
column purified proteins.64
Materials and methods
Mallard Duck Exposure to itB_ A group of 25 mallard
ducks (Whistling Wings,Hanover, Illinois) was randomly
divided into threegroups:one group of ten ducks was
exposed to a 1:10 dilution ofVectobac 12-AS (Abbott Labs,
Chicago, IL) in water,one group of ten ducks was exposedto
a 1:100 dilution of Vectobac 12-AS(recommended application
rate was 0.029-0.235 ml/m2),and one group of five ducks
were kept as unexposed controls.The two groups of treated
ducks were exposed by placingten ducks in a 44 x 58x 98 cm
plastic crate, whichwas placed under a 66 x 92x 117 cm
wooden frame covered withsheet plastic.A 145 ml volume of
the diluted Vectobac 12-ASwas aerosolized using an
ultrasonic nebulizer (DeVilbissUltrasonic Nebulizer 65)at
a setting of 6.The mist of pesticideentered the plastic
covered box througha hose with the end placed througha
hole in the sheet plastic.The material was sonicatedfor
one hour for the 1:100 dilutionand 1.5 hours for the1:10
dilution to allow equalvolumes of pesticide to be
sonicated.
The exposure scheme forthe two groups of duckswas
every 14 days followed by bleedingevery 28 days before the
exposure.The birds were bled fromthe jugular veinon days
0,28,56,84,113,and 207.They were exposedon days 0,
14,28,42,56,70,and 84.The sera were separatedand
stored at -20°C.65
The amount of nebulized deltaendotoxin was roughly
estimated by plating the dilutionsof Vectobac 12-AS on TGY
agar and counting colony forming units(CFU).This gave
CFU/ml which was multiplied timesthe amount of pesticide
nebulized, giving the totalnumber of CFU nebulized.
ELISA Plate Coating Procedure.Antigens (PD-1
fractions) were preparedas described in chapter 3, then
diluted in 0.2 Mcarbonate-bicarbonate coating buffer(pH
9.8), and 200 gl was dispensed ineach well of a 96-well
polystyrene microtitration plate(Flow/ICN).The plates
were placed in a 37°C incubator and thecoating buffer was
allowed to evaporate to dryness.
ELISA Procedure.Coated ELISA plateswere post coated
with 200 gl of 0.5% bovineserum albumin (BSA) in phosphate-
buffered saline (PBS), pH7.2, and incubated forone hour at
37°C.The plates were then washedfour times with PBS with
Tween 20 (0.005%; Sigma).The test sera (250 gl)were then
applied to the top wells ofthe plate after being diluted
1:10 in 0.1% BSA in the washingbuffer.The serum samples
were serially diluted five folddown the plate usingan
automatic diluter (AutomaticPipette, Model No. 25004;
Micromedic Systems).The plates were incubatedfor one hour
at 37°C, followed by thewashing procedure.The alkaline
phosphatase-conjugated goat secondaryantibody against duck66
IgG (Kirkegaard Perry Laboratories)was diluted in conjugate
diluent (serum diluent buffer containing2mM MgC12) and then
added to the plate in 200g1per well.The plates were
incubated at 37°C forone hour and then washed followed by
application of the substrate(3.5mM p-nitrophenyl phosphate
disodium; Sigma, in diethanolaminebuffer; diethanolamine
buffer is 9.7% diethanolamine and2mM MgC12 .6H2O, pH9.8).
The substrate was incubated forone hour at 37°C and the
plates were read at 405nm (Titertek Multiskan MC, Model No.
340; Flow Laboratories).
The positive control serumwas taken from a bird
injected subcutaneously with10 gg/ml of whole bacteria
suspended in 50 mM NaHCO3-Na2CO,buffer (pH 9.5) and mixed
1:2 in Complete Freund's Adjuvant(Difco).The bird was
boosted with 10g/ml of whole bacterial suspensionmixed
1:2 in Incomplete Freund's Adjuvant(Difco).The negative
control serum was taken fromthe blood of thesame bird
prior to inoculating withthe bacterial suspension.
The antibody titre was determinedfrom the 70%
reduction of the logit transformationof the ELISA data,
logit=log,(X/100-X) (Hwang et. al.,1986).The 100% value
used for the logit transformationwas the highest absorbance
reading that the ELISA readercould make, and the X value
was the absorbance reading of thesample in the well.
Hemolytic Assay.The assay was similar to theassay67
described by Thomas and Ellar,(1983a).The erythrocytes
were collected in 0.05 units/ml heparin andwashed three
times with 0.12 M glucose inPBS.The washed cells were
suspended in the washing buffer containing0.05% gelatin.
The column-purified proteinswere diluted 1:2 and dispensed
in 100 Al/well ina round bottom microtiter plate.The
erythrocyte solution was added toeach well (100 Al) and
then incubated at room temperaturefor 3 hours.No button
formation in the bottom of thewells indicated hemolysis.
Cytolytic Activity by Column PurifiedProteins.Aedes
aegypti (ATCC CCL125) cellswere grown in Mitsuhashi and
Maramorosch medium (Sigma), with 20%fetal bovine serum
(FBS; Hyclone) at 28°C.The cells were maintained in25 cm2
culture flasks with 5 ml of media.The media was replaced
with 2.5 ml of fresh media,and cells were detached
mechanically from the flask.Two drops of the cell
suspension (approximately50 Al) were pipetted into each
well of a flat bottom 96-wellplate.The plate was
incubated at 28°C forone hour to allow cells to attach to
the plate.The media was siphoned outof each well and 100
Al/well of PBS was added.The PBS was immediately removed
and 200 Al of the test proteinsin PBS were placed in the
top well of each columnon the plate.The test materials
were serially diluted 1:2 down the plateand the plate was
then incubated at 28°C forone hour.The test materialwas68
removed and each well was rinsed with100 Al of PBS.The
cells were stained with 0.25% Safranine in10% ethanol for
one minute.The cells were dried atroom temperature and
viewed microscopically for cytopathiceffects caused by the
protein fractions.69
Results
Hemolytic assay.The column purified proteinswere
tested for their toxicity ina hemolysis assay with
erythrocytes of mallard ducks (Table2).The alkali-
solubilized proteolyzed crudeextract (PCE) showed hemolysis
with 7.8 Ag protein/ml.The PS-4 fraction, as wellas PD-2
and PD-3 fractions, showed hemolysisdown to 7.8 Ag
protein/ml.The nonproteolyzed crude extract(NCE) showed
hemolysis at 250 Ag while theNS-1 fraction showed hemolysis
down to 200 Ag protein/ml.Fraction NS-2 did not show
hemolysis at the highest concentration(800 Ag protein/ml)
placed with the erythrocytes.The ND-1 fraction showed
hemolysis at a concentrationof 150 µg /ml, while theND-2
fraction did not show hemolysisat its highest concentration
of 24 µg /ml.
Cytolytic Assay.The PS-3 and PS-4 proteinfractions
of caused cell death to theAedes aegypti cells (Table2).
The lowest concentration ofprotein fraction PS-3 that
caused cytolytic activitywas 146 Ag protein/ml, while the
PS-4 caused cytolysis with only11 Ag protein/ml.The DEAE
Bio-Gel A purified peaksfrom PS-4 showed cytolysisfor all
three peaks.The cytolytic activitywas observed down to
216 Ag protein/ml for PD-1,at least 8 Ag protein/ml forPD-
2, and at least 7 Ag protein/mlfor PD-3.
The nonproteolyzed softpellet material showed70
cytolytic activity with 2282 gg protein/ml.The DEAE Bio-
Gel A peaks from the NS-1 material showed cytolyticactivity
at 150 gg protein/ml for ND-1 and down to24 gg protein/ml
for ND-2.
ELISA.Preliminary results using the PD-3 protein
fraction as antigen did not show antibodytitre values in
pesticide-exposed birds above the values forunexposed
birds.This led to the use of the PD-1 protein fractionfor
the antigen on the ELISA.The plates were coated with 1 gg
protein/ml (200 gl/well).The 70% logit reduction of the
ELISA results showed an increase in the antibodytitres in
the ducks exposed to the bacterial pesticide(Fig. 13).The
unexposed ducks showed a relatively constantantibody titre
to PD-1 antigen (not shown).The antibody titres of the
group of ducks exposed to the 1:10 pesticide dilutionshowed
a larger increase and higher values than titres insera of
the 1:100 exposure group.The antibody titres of both
exposed groups were much lower than thatof the positive
control.The unexposed antibody titres (day 0)were similar
to the titre of the negative control.
Western Blot of Exposed Duck Sera.A Western blot was
run to verify if exposed ducks produced antibodiesto the
whole 28 kD protein.The sera samples from a duck exposed
to 1:10 dilutions of pesticide began todevelop antibodies71
to the NS-1 and ND-2 fractions after twoexposures (Fig.
14).The antibodies became more reactive to the 28 kD
protein after four exposures and increased in their
reactivity the more the bird was exposed.The antibody
reactivity decreased after theexposures were stopped.Sera
from the positive (hyperimmunized) and negative control
ducks showed high antibody reactivity andsome background
band formation, respectively.72
Table 2Biological activity of column purified
alkalisolubilized delta endotoxin proteins of
B. t.i.
Fraction
Lowest conc. (ug /m1 protein)
a hemolysis cytotoxicityb
POE <8 N.D.
PS-1 500 >400
PS-2 1000 >530
PS-3 580 146
PS-4 <8 <11
PD-1 >1000 216
PD-2 <8 8
PD-3 <8 7
NCE 250 2282
NS-1 200 N.D.
NS-2 >800 N.D.
ND-1 150 150
ND-2 >24 24
aThe lowest concentration of B.t.i. proteins that
caused hemolysis of mallard duck erythrocytes.
'The lowest concentration of B.t.i. proteins that
caused cytotoxicity to Aedes aegypti cells.73
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Fig. 13The mean antibody titres of two groups of
ten mallard ducksexposed toB.t.i.pesticide
(Vectobac 12-AS).The arrows indicate the days the
birds were exposed.Antibody titres were derived
from the 70% logit conversion of the ELISA data.
The error bars are the standard deviation of the
mean values of the calculated antibody titres.The
negativecontrolistheseraofan unexposed
mallard duck.The positive control is the sera
from the same duck after hyperimmunization.a1 a2 IA 132 c1 c2 di d2 ele2 f1 9.1g.2h1 h2
Fig. 14Western blot of duck sera from a duck exposed to a 1:10
dilution of Vectobac 12-AS over time on 1.4 Ag of ND-2 fraction
(all lanes labelled1)and5Ag of NS-1 fraction(all lanes
labelled 2).The test sera was as follows:lane a, day 0; lane
b, day 28; lane c, day 56; lane d, day 84; lane e, day 113; lane
f, unexposed duck sera (negative control); lane g, hyperimmunized
duck sera(positivecontrol);and laneh,B.t.i.clone102
monoclonal antibody.75
Discussion
The ducks produced antibodiesagainst B.t.i. after the
repeated aerosol exposure withthe pesticide.Although
Western blot analysis showedthat the exposure resulted in
antibody production against28 kD protein (Fig. 14),
preliminary investigationdemonstrated that neither thePD-2
nor the PD-3 fraction detectedtemporal production of
antibodies in the ducks(data not shown).On the other
hand, PD-1 fraction ,which does not containthe toxin
component, efficiently detectedantibodies in ELISA (Fig.
13).A dose and time dependentantibody responsewas
observed after theexposure, and the low level of antibody
titre persisted longerthan 6 months after theinitial
exposure.The results indicate thatthis ELISA isa valid
method of detecting the antibodyagainst B.t.i.It was not
determined whether it requiresthe toxin only, wholecells
of B.t.i., or both to induceantibody against thePD-1
antigen.
The method ofexposure of the ducks to the B.t.i.
pesticide was designedto provide a plausibleapproach to
how the birds would beexposed in the wild, alongwith
moderately realistic amountsof exposure to pesticide.The
two groups of birdswere exposed every 14 days becausethe
pesticide would probablybe applied in thismanner.Field
trials show that B.t.i.has a 10 day period of timewhere it
is effective in killingmosquito larva (Shannonet. al.,76
1989; Perich et. al., 1990).
The amount of pesticide to whichthe ducks were exposed
was 1.35 x 10-3 ml/cm2 for the 1:10 exposedgroup, and 1.35 x
10-4 ml/cm2 for the1:100 exposed group.They are
approximately 100- and 10-foldgreater concentrations than
that suggested by the applicationdirections.These values
are for area of the base of the box inwhich the ducks were
placed.The volume of the boxwas 7.10 x 105 ml.Within
the volume of pesticidethat was sonic nebulizedthere were
4.35 x 10" CFU for the 1:10group, and 4.35 x 10° CFU for
the 1:100 group.According to the literature,the resting
respiratory rate of pekinducks is 15.6 breaths/minutewith
an expiration volume of 910 ml/minute(Powell and Scheid,
1989).Therefore, in an hour,one duck should have inspired
54.6 liters of air and pesticidemixture.According to
Yates et. al. (1981) dropletsfrom the sonic nebulizer
average 1.8 Am in diameter when thenebulizer is on a
setting of six.With this particle sizesufficient
deposition of the bacteriashould have occurred inthe birds
(Driver et. al., 1990;Stearns et. al., 1987).
The ducks did not exhibitany clinical problems from
exposure to the pesticide.One duck that was founddead did
not contain lesions in itsrespiratory tract,even though a
swab of the lung tissue didproduce colonies of Gram
positive bacteria that containedspores and inclusion
bodies.The death of this birdwas not attributed to77
exposure by the pesticide.These results are reminiscent of
a study conducted with flathead minnowswhere the fish did
not exhibit adverse effects whenexposed to commercial
preparations of B.t.i. (Snarski,1990).
The in vitro toxicity of the proteinspurified from the
delta endotoxin of B.t.i. variedin the concentration
necessary to cause death to Aedes aegypticells and lysis of
duck erythrocytes.The toxicity observed in thepresent
study with the 28 kD protein andits proteolytic products
was comparable to the resultsseen by others (Armstrong et.
al., 1985; Thomas and Ellar,1983a).The 22 and 23 kD
proteins from the proteolyzedcell material were more toxic
to the mosquito cells and duckerythrocytes than was the
entire 28 kD protein.The delta endotoxin exhibits its
toxicity by incorporating intothe lipid bilayer of cells
forming a pore, and causingan influx of solutes into the
cell causing lysis (Thomasand Ellar, 1983b; Ellar et.al.,
1985).The 26 kD protein was demonstratedto be inserted
into liposomes of certain lipidspecies and may be
proteolytically cleaved intoa 12 kD protein which may be
optimal for aggregationof proteins intopores.The
increased toxicity of the22 and 23 kD proteins in
comparison to the 28 kD proteinshown in the present study
could be due to increased abilityof the toxins to form
pores in the plasma membrane ofcells.The smaller proteins
(22 and 23 kD) may have losta portion of the protein that78
hinders their integration into themembrane of cells.The
smaller proteins also may allow easiercleavage into the 12
kD protein to form the aggregates ofthe pore.The smaller
proteins also may bemore easily cleaved into the 12 kD
protein that forms the aggregatesof the pore.Another
explanation is that the 28 kD proteinmay still be bound to
proteins of the crystallinedelta endotoxin, hindering the
integration of the protein intothe membrane of the cell.
The 28 kD protein in the NS-2 fractionis not as pure as the
22 and 23 kD proteins, and the otherproteins within the
fraction may be part of thecrystal delta endotoxin to which
the 28 kD protein remains attached.This is indicated in
the gel filtration (Fig. 3), totalprotein stains (Fig. 5)
and immunoelectrophoresis (Fig.10) of the untreated
fractionated proteins.
The current unrestricteduse of commercial preparations
of B.t.i. as a pesticide willundoubtedly result in the
exposure of non-target species in the environment.The
development of the ELISA will providea tool to examine if
exposure to mallard ducks is occurring inthe wild.
However, further development ofELISAs to detect antibodies
to other strains of Bacillusthuringiensis would help
determine the extent of non-targetspecies exposure to these
biological pesticides.Antibodies in different species
could also be detected by variationin the ELISA (i.e.use
of a different secondary antibody).This would provide a79
whole library of usable ELISAs that could beused to monitor
non-target species exposure to B.t. and help inregulating
the application of the pesticides.80
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